Introduction
Tissue adhesives in biomedical research are being developed to replace surgical suturing and stapling of tissues that are more invasive in nature, sometimes require secondary surgeries for removal, cause infections in some cases, and damage www.advancedsciencenews.com www.advhealthmat. de that the mechanisms underlying L-Dopa mediated adhesion remain unclear and the chemical nature of the mussels adherence to inorganic and organic substrates has not been fully characterized. [17] In addition, it has been shown that silica nanoparticles can be used to glue nonadhering gels, with possible applications to glue tissues in vivo. [27] These nanoparticles increased the adhesion of tissues in vivo via their ability to adsorb onto polymer chains and form bridges between two connecting structures. Nanoparticles may also offer excellent potential to function as mediators of adhesion between two surfaces because of their small sizes and high aspect ratios. Thus, we hypothesized that if the nanoparticles and mussel-inspired hydrogels were combined, the nanocomposite might exhibit synergistic effects and achieve a high adhesive strength in a wet environment. Furthermore, because the silica is nondegradable, we selected biodegradable polymer nanoparticles, such as poly(lactideco-glycolide) (PLGA). Until now, this attractive material design has not been reported.
Specifically, in this work, we explored a combination of hydrogels made of dopamine functionalized alginate and PLGA based nanoparticles to improve tissue-tissue adhesion through catechol reaction with tissues [18] [19] [20] [21] [22] [23] [24] [25] [26] and nanoparticle/ tissue/hydrogel interaction [27] (Figure 1 ). In addition, N-hydroxysuccinimide (NHS) was grafted onto the PLGA nanoparticle surface, which can react with the amino groups of proteins in tissues to further enhance the adhesive. The grafted dopamine content of the polymer, and morphology and degradation rates of these nanocomposites were characterized. The adhesive strength of the material was measured using a porcine skinmuscle interface ex vivo model. The in vitro cytocompatibility and in vivo tissue compatibility of the materials were evaluated using human dermal fibroblasts (HDFs) and a rat model, respectively.
Results and Discussion

Synthesis and Characterization of Mussel-Inspired Polymer
The mussel-inspired polymer was synthesized in an aqueous environment by conjugating dopamine with the oxidized alginate through a reductive amination between amine and aldehyde groups. First, the alginate polymer was oxidized using Figure 1 . Illustration to glue two tissues using mussel-inspired nanocomposites (MINs). The three interactions between tissues and nanocomposite adhesive might exist to enhance the adhesion. They included that 1) oxidized dopamine molecules in the hydrogel react with amine groups in tissues, 2) the tiny nanoparticles interact with both hydrogel and tissue through physical adsorption, and 3) the NHS groups on the PLGA nanoparticles can covalently react with amine groups in the tissue.
www.advancedsciencenews.com www.advhealthmat.de sodium metaperiodate to generate aldehyde groups on its backbone. [28] Second, the dopamine was grafted onto the alginate backbone via reductive amination between the aldehyde groups and the amine groups of dopamine ( Figure S1A , Supporting Information). The Fourier transform infrared spectroscopy (FTIR) spectrum of sodium alginate ( Figure S1B , Supporting Information) has specific peaks at 1404 and 1596 cm −1 corresponding to symmetric and asymmetric COO stretching vibrations, respectively. Other peaks identified for alginate were located at 1023 cm −1 (COC stretching vibration), 946 cm −1 (CO stretching vibration of uronic acids), 890 cm −1 (CH deformation mannuronic acid residues), and 820 cm −1 (mannuronic acid residues). [29] The chemical structure of periodate oxidized alginate was confirmed by aldehyde CO stretching at 1720 cm −1 in the oxidized alginate spectrum ( Figure S1B , Supporting Information). The alginate-dopamine polymer structure was verified by CC aromatic stretching and CN amine stretching at 1520 and 1091 cm −1 , respectively ( Figure S1B , Supporting Information). [30] The dopamine content in mussel foot proteins (Mfps) varies from 10% to 15% in Mfp-1, 2% to 4% in Mfp-2, 25% in Mfp-3, 5% in Mfp-4, and 30% in Mfp-5, whereas Mfp-3 and Mfp-5 are the proteins that contact the surface and help mussels adhere to wet surfaces. [31] Some research groups reported that the dopamine contents incorporated into alginate ranged from 10% to 42%. [30, [32] [33] [34] [35] The wide range of dopamine grafting is achieved by altering the molar ratios of alginate to dopamine. The UV-visible absorption spectroscopy at 280 nm of the alginate-dopamine polymer revealed a dopamine content of 26%, which is close to the dopamine content in Mfp-3, and also is within the range of dopamine content reported in other dopamine conjugated alginate polymers. [30, [32] [33] [34] [35] 
Nanoparticle Characterization
The size and polydispersity of PLGA nanoparticles (NPs) and NHS modified PLGA (PLGA-NHS) nanoparticles were characterized using dynamic light scattering (DLS) and transmission electron microscopy (TEM) ( Figure S2A ,B, Supporting Information). The PLGA nanoparticles (212 ± 45 nm) were fabricated using a single-emulsion method. The size of PLGA-NHS was 237 ± 106 nm, which is similar to the size of PLGA NPs. The silica nanoparticles (35 nm) were commercially purchased. FTIR was used to confirm the grafting of NHS onto PLGA nanoparticles. The PLGA structure was verified by specific peaks at 2910 and 2940 cm −1 (symmetric and asymmetric CH stretching), 1730 cm −1 (CO stretching vibration), 1170 cm −1 (CCO stretching of ester group), and 1090 cm −1 (COC stretching of ester group) ( Figure S2C , Supporting Information). [36, 37] For PLGA-NHS nanoparticles ( Figure S2C , Supporting Information), the specific peaks to identify PLGA-NHS conjugation were located at 1778 cm −1 (symmetric imide CO stretching in NHS), 1700 cm −1 (asymmetric imide CO stretching in NHS and ester CO stretching vibration in PLGA), and 1560 cm −1 (NO stretching in NHS).
Mussel-Inspired Nanocomposite (MIN) Formation
MINs were prepared by blending a range of concentrations from 1% to 40% (w/v) of the mussel-inspired polymer in phosphate buffered saline (PBS) with PLGA (MIN-PLGA), PLGA-NHS (MIN-PLGA-NHS), or silica (MIN-Silica) nanoparticles using sodium metaperiodate (PI) as a cross-linker. The nanoparticle concentration was fixed at 12.5% (w/v). The hydrogel from the mussel-inspired polymer (Alg-Dopa) was used as a control. The nanocomposites were dark brown and hydrogellike, which was the same as the Alg-Dopa. Scanning electron microscopy images of the nanocomposites revealed embedded nanoparticles in MIN-PLGA and MIN-PLGA-NHS groups (Figure 2A ). But it is hard to observe the silica nanoparticles due to the small size (30 nm 
In Vitro Degradation of MIN
The periodate oxidation of the alginate leads to a change in conformation of uronate groups in alginate from closed to open chained. [38] This change in conformation makes the oxidized alginate more susceptible to hydrolysis in aqueous solutions thus conferring degradability to it. [28, 38] This degradation of the MINs was characterized by incubation in PBS (pH 7.2) at 37 °C.
The nanocomposites demonstrated a loss of dry weight over time indicating their degradability. The composites degraded to an extent of 53 ± 1% over a period of 4 weeks ( Figure 2B ). The degradation rate of the oxidized alginate hydrogels depends on the oxidation degree and the molecular weight of the polymer. Previous studies on the degradation of oxidized alginate hydrogels (molecular weight 270 kDa) in Dulbecco's modified eagle medium (DMEM) cell culture media showed 20% loss in dry mass over a period of 4 weeks. [39] Our results exhibited a faster degradation for the alginatedopamine hydrogel, which may be attributed to the lower molecular weight (12-40 kDa) of alginate used in this work. [39] The incorporation of nanoparticles slightly increased the degradation rate of the nanocomposite. This could be due to the degradable nature of the PLGA nanoparticles. Furthermore, their acidic degradation products, such as lactic acid and glycolic acid, can reduce the surrounding pH and may cause the alginate hydrogel to degrade to a greater extent. [40, 41] However, the nanocomposites containing silica nanoparticles demonstrated similar degradation kinetics with the nanocomposites with PLGA NPs. It might be attributed to the diffusion of some tiny nanoparticles into the PBS when the nanocomposites were immersed in PBS during the period of degradation. High-speed centrifuge might not be able to collect all nanoparticles in the PBS. The possible diffusion, however, might not take place for tissue adhesion in tissues because the diffusion coefficient might be different in solid and/or soft tissues than that of the solution environment.
Ex Vivo Adhesion Strength of Mussel-Inspired Nanocomposites
The ability of the nanocomposites in gluing tissue interface was evaluated using a setup illustrated in Figure 3A . The lap shear strengths of tissue adhesiveness of the cross-linked poly mer at the tissue interface showed a concentrationdependent increasing trend. Previous studies have utilized the www.advancedsciencenews.com www.advhealthmat.de mussel-inspired approach to introduce dopamine or L-Dopa into polymers and form adhesive hydrogels, which adhere to tissues with various strengths depending on their dopamine contents. [20, 25, 42, 43] Our mussel-inspired hydrogel at a concentration of 40% (w/v) adhered to the pig skin-muscle interface with a lap shear strength of 14 ± 2 kPa, which is comparable to adhesives developed in other studies using the musselinspired approach. [18, 20, 25, 42, 43] Furthermore, the adhesive properties of the nanocomposites demonstrated a significant increase in lap shear strengths compared to those without nanoparticles (p < 0.05). The highest lap shear strength of 33 ± 3 kPa ( Figure 3B ) was obtained in the 40% (w/v) AlgDopa with PLGA-NHS nanoparticles. The role of nanoparticles in adhering tissues together was attributed to their ability to adsorb onto surfaces and dissipate energy within the interface which yields resistance to fracture propagation between the two tissue phases. [27] Recently, silica nanoparticles were investigated as a means to adhere liver tissues and gels together where silica nanoparticles could bond two nonadhering surfaces with an adhesive lap shear strength of 0.65 ± 0.25 kPa. [27] Although the nanoparticle alone as a gluing agent provides an attractive method to glue tissues together, the adhesive strength is much lower compared to mussel adhesive hydrogels. [18, 20, 25, 42, 43] The MIN offered improved tissue adhesion performances over nanoparticles alone and mussel-inspired hydrogel alone. The adhesive properties of these composites over a 24 h period increased over time in all groups. It is noted that the nanoparticle-mediated enhancement of adhesion was significant within the first 1 h of cross-linking and tended to saturate over time. There was no significant difference in additional adhesion strength observed among the mussel-inspired hydrogels and the mussel-inspired nanocomposites at 24 h. The penetration profile of the nanocomposites was tissue specific with more penetration into the muscle layer compared to the skin layer. It was observed that the inclusion of nanoparticles led to less penetration of the nanocomposites into the muscle tissue compared to that of the hydrogel alone. MIN-PLGA and MIN-PLGA-NHS had lower penetration into the muscle tissue compared to the adhesive alone (Figure 4) . Hydrogel materials designed to be used as tissue adhesives require characteristics of both fluidity and cohesive strength to function as an optimal adhesive. [44, 45] The addition of PLGA and PLGA-NHS nanoparticles might increase the cohesiveness of alginate-dopamine hydrogels, which led to the hydrogel solution diffuse less into the tissues. This increase in cohesiveness may also explain the increase in adhesive strengths of PLGA and PLGA-NHS nanocomposites compared to alginate-dopamine hydrogels alone. It was reported that the inclusion of 2% laptonite into poly(acrylic acid) polymer networks resulted in increased cohesion in the hydrogels which correlated to increased adhesion to organic substrates. [46] In addition, for the PLGA-NHS group, the NHS on the nanoparticles can react with the amine groups on the tissue surface, which may limit nanoparticle and hydrogel penetration into the tissues.
In Vitro Cell Compatibility of Nanocomposite System
We tested several dilutions (1×, 5×, 10×, 100×) of the cell media that was incubated with the nanocomposites for 24 h. The nanocomposites with PLGA and PLGA-NHS nanoparticles exhibited good cell compatibility to HDFs. Compared to the positive control Matrigel, the leached products at 1× dilution from the hydrogel alone and all composites showed less cell viability, while the 5×, 10×, 100× dilutions of the hydrogel alone, the MIN-PLGA, and MIN-PLGA-NHS exhibited similar www.advancedsciencenews.com www.advhealthmat.de cell viability (p > 0.05) ( Figure 5A) . However, the MIN-Silica showed moderate toxicity at all dilutions of the leachable contents ( Figure 5A ). In Figure 5B , only MIN-Silica exhibited less cell viability than the controls of the Matrigel and cell culture medium alone. No significant toxicity with PLGA and PLGA-NHS nanoparticles on HDFs was observed, whereas silica nanoparticles demonstrated a dose-dependent toxicity toward the cells ( Figure S2B , Supporting Information). We have previously reported the PLGA nanoparticles showed good cytocompatibility with HDFs, human aortic endothelial cells, and human aortic smooth muscle cells up to a concentration of more than 500 µg mL −1 , which is in agreement with the observed result in this study. [47, 48] The silica nanoparticles exhibit size-dependent cell toxicity toward various human cell lines including dermal fibroblasts. [49] [50] [51] [52] The size of silica nanoparticles that induces toxicity usually ranges from 20 to 60 nm which could explain the toxicity of the 30 nm silica nanoparticles used in this study. [51] 
In Vivo Biocompatibility of Nanocomposite System
To further evaluate the in vivo biocompatibility of the nanocomposites, the MIN-PLGA-NHS was selected because of its high adhesive strength and good in vitro cytocompatibility.
Incisions on the back of rats were successfully sealed by the nanocomposite of MIN-PLGA-NHS with the suture as a control ( Figure 6A) . At day 7 and day 28, the explanted tissue sections were evaluated for foreign body reactions or immune responses via hematoxylin and eosin (H&E) staining and immunohistochemistry analysis. The H&E staining revealed the sutured sections had healed completely both at day 7 and day 28 ( Figure 6B ). The tissue areas filled with the MIN-PLGA-NHS showed cell infiltration and material degradation at day 7, and subsequent clearance of the composite with no residues of the composite visible at day 28. The immunohistochemical analysis revealed the presence of CD11b + inflammatory cells in the excised tissue sections around the areas sealed with the nanocomposite glue and the control suture at day 7 ( Figure 6C ). The area sealed with MIN-PLGA-NHS had slightly more inflammatory cells compared to the suture control. This could be because alginate-based materials are generally known to have low immunogenic responses. [53] Alginate has been shown to activate macrophages in a murine model via activation through the NF-κB pathway, leading to the production of interleukins including IL-1β, IL-6, IL-12, and TNF-α, and the promotion of a proinflammatory environment. [54] Some studies have shown that the foreign body reaction toward alginate-based materials varied depending on the content of glucuronic acid, and the higher content (>60%) induced greater foreign body responses. [55] [56] [57] The alginate used in this study had less than 50% glucuronate residues, which could achieve the low foreign body response. The H&E stained tissue sections of the area sealed by the MIN nanocomposite showed some evidence of gel fragments at day 7 ( Figure 6B ). These gel fragments in the micrometer size can possibly activate phagocytes leading to further inflammatory conditions in the tissue. [58] In such cases MΦ macrophages are mainly responsible for sustaining this proinflammatory environment. [58] However, the presence of inflammatory cells markedly subsided over the course of 28 d in both the suture and the nanocomposite groups, indicating a normal wound healing process. There was no significant difference in the number of CD11b + cells between the tissue sutured and the one sealed with the MIN-PLGA-NHS ( Figure 6C,D) , indicating that the nanocomposite did not generate any lasting inflammatory reaction. Furthermore, the inclusion of PLGA-NHS nanoparticles into the alginate hydrogel did not alter the immunogenicity of alginate hydrogels.
Conclusion
The MINs were prepared by incorporating biodegradable nanoparticles into cross-linked mussel-inspired hydrogels. The tissue adhesive properties of the hydrogels were enhanced by blending nanoparticles. The PLGA-NHS nanoparticles performed best to enhance hydrogel adhesion between skinmuscle tissues compared to the silica and PLGA nanoparticles. The adhesive properties of the nanocomposites increased over time within the tissue interface. The degradable adhesive nanocomposites were cytocompatible and exhibited a lower penetration into the pig muscle than that of the hydrogel alone. 
Experimental Section
Materials: Sodium alginate (molecular weight (MW) = 12-40 kDa), sodium metaperiodate (PI), dopamine hydrochloride, sodium cyanoborohydride, polyvinyl alcohol (PVA; MW = 31 kDa), NHS, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), PBS, silica nanoparticle (LUDOX TM-50), and 4-morpholineethanesulphonic acid (MES) were purchased from Sigma-Aldrich, Inc., MO. PLGA (COOH terminated, lactide/glycolide molar ratio = 50:50, and MW = 97 kDa) was purchased from Akina PolySciTech, Inc. All chemicals were used as received without further purification.
Synthesis of Mussel-Inspired Polymers: Sodium alginate was oxidized by using periodate aqueous solution. [59] Sodium alginate (1%, w/v in deionized water, 90 mL) was reacted with sodium metaperiodate (PI) (10%, w/v in deionized water, 10 mL) for a period of 12 h in the dark. The reaction was then subjected to dialysis (molecular weight cut-off (MWCO) 3.5 kDa) against deionized water and subsequently lyophilized to obtain oxidized alginate. The oxidized alginate (0.2 g in deionized water, 14 mL) then reacted with dopamine hydrochloride (0.28 g in deionized water, 6 mL) in the presence of sodium cyanoborohydride (NaBH 3 CN, 25 × 10 −3 m) for 24 h in a dark setting and under a nitrogen protection. The obtained mussel-inspired polymer was purified via dialysis (MWCO 3.5 kDa) against deionized water at 4 °C and subsequently lyophilized.
Fabrication of PLGA Nanoparticles and NHS-Modified PLGA Nanoparticles: The PLGA nanoparticles were fabricated using emulsion methods. [21] A PLGA solution (2%, w/v in dichloromethane, 5 mL) was added dropwise to a PVA solution (5%, w/v in deionized water, 20 mL). This emulsion was sonicated (30 W, 5 min) and then stirred overnight at room temperature to allow solvent evaporation and particle formation. The resulting particle suspension was centrifuged (15 000 rpm, 30 min, 10 °C) and the pellet suspension in deionized water was lyophilized to obtain PLGA nanoparticles.
To modify the PLGA particles with NHS, PLGA nanoparticle suspension (0.2%, w/v, 5 mL) in MES buffer (pH 4.75) was mixed with EDC (120 mg, 0.63 mmol) for 30 min at room temperature. NHS (180 mg, 1.56 mmol) was then added to the solution and allowed to mix for 2 h at room temperature to graft NHS onto the surface of PLGA nanoparticles. The NHS-modified PLGA nanoparticles (PLGA-NHS) were purified by centrifugation (15 000 rpm, 30 min, 10 °C), then subsequently washed with deionized water and lyophilized.
Fabrication of MINs: The alginate-dopamine polymer at different concentrations was cross-linked using the cross-linker PI at equimolar concentrations with respect to the dopamine amount in the polymer. Briefly, alginate-dopamine polymer at concentration of 40% (w/v) was mixed with 1× PBS (pH 7.2) to prepare a polymer precursor solution. Known amounts of the polymer precursor solution (1%, 5%, 20%, and 40%) were then mixed with a nanoparticle suspension in 1× PBS solution. The nanoparticle concentration was fixed as 12.5% (w/v) in the composite. The polymer-nanoparticle mixture was then cross-linked using PI for 1 h. Equal moles of PI (0.29%, 1.48%, 5.95%, 11.90%, w/v), with respect to the dopamine content in the alginate-dopamine polymer, were used for cross-linking and to form MINs.
Mussel-Inspired Polymer Characterization: The synthesis of oxidized alginate (Alg-Ox) and mussel-inspired polymer was confirmed by FTIR. The grafting efficiency of dopamine to Alg-Ox was measured by UVvisible spectrometry utilizing the absorbance at 280 nm of the aromatic ring in dopamine. [19] The absorbance data from a set of dopamine hydrochloride standards ranging from 0 to 1 mg mL −1 was used to determine the dopamine concentration in a 1 mg mL −1 Alg-Dopa solution (n = 8). For hydrogel degradation, mussel-inspired polymer was mixed in PBS (pH 7.2) at a final concentration of 40% (w/v) and crosslinked using PI (11.90%, w/v) for 1 h. This cross-linked hydrogel was then immersed in a tube containing 1 mL PBS (n = 6). At predetermined time points each of the tubes were centrifuged (9000 g, 10 min) to collect the hydrogel. This collected hydrogel was lyophilized to achieve The hydrodynamic size and polydispersity of the PLGA, PLGA-NHS, and silica nanoparticles were measured via DLS technique (Brooke Haven, ZETA PALS). Nanoparticle solutions (0.01%, w/v in DI water) were used for this DLS analysis. The grafting of NHS onto PLGA nanoparticles was confirmed via FTIR (Thermo Electron Corporation, NICOLET 6700). The nanoparticles were also observed under high-resolution TEM (HR-TEM, Hitachi H-9500).
Nanoparticle Cytocompatibility: The cytocompatibility of silica, PLGA and PLGA-NHS nanoparticles was evaluated using HDFs (ATCC). HDFs were seeded at a density of 10 000 cells cm −2 into wells of a 24-well plate (n = 8) and incubated in DMEM (Sigma Aldrich) supplemented with 10% (v/v) fetal bovine serum (FBS, Life Technologies) and 1% (v/v) penicillium-streptomycin (Life Technologies, Inc.) at 37 °C and 5% CO 2 for 24 h. Nanoparticles at concentrations of 50, 100, 200, 500, 1000 µg mL −1 were then incubated with the cells for 24 h. A CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS, Promega, Madison, WI) was performed according to manufacturer's instructions to assess cell viability. The HDFs exposed to culture media only served as a control.
MIN Characterization: The cross-sectional morphologies of nanocomposites were examined using scanning electron microscopy. A 40% (w/v) solution of the mussel-inspired polymer in PBS (pH 7.2) was combined with a 12.5% (w/v) solution of the nanoparticles and cross-linked using PI at a final concentration of 11.9% (w/v) for 1 h. The cross-linked samples were immersed in liquid nitrogen and cut at cross-section. The frozen cross-sections were freeze-dried and imaged under a scanning electron microscope. For nanocomposite degradation, the MIN containing silica, PLGA, and PLGA-NHS nanoparticles were formulated using methods as described above, and the measurement protocol is the same as hydrogel degradation method.
Tissue Adhesion Strength Measurement: The tissue adhesion of the MINs and the mussel-inspired polymer was tested on porcine skin and muscle samples (n = 6) using guidelines from the American Society for Testing and Materials standard F2255-05. Freshly obtained porcine skin and muscle were cut into sections (30 × 10 × 3 mm 3 ), and the musselinspired polymer at concentrations ranging from 1% to 40% (w/v) in PBS (pH 7.2) with or without the incorporation of nanoparticle suspensions (12.5%, w/v) was allowed to cross-link on an area of 10 × 5 mm 2 between the skin-muscle interface for a period of 1 h at 37 °C ( Figure  S3 , Supporting Information). To ensure the skin-muscle samples were moist and retained water, the skin-muscle interface was kept in a humid environment in a standard cell culture incubator, maintaining humidity levels greater than 90% during the incubation time. The samples were then subjected to lap shear adhesion tests on an MTS insight workstation (cross-head speed of 10 mm min −1 ; 500 N load cell; room temperature; MTS Systems Corporation), and then the lap shear strength was measured. The same parameters were also used to measure the changes in tissue adhesion of the mussel-inspired polymer over a 24 h time period by measuring the lap shear strengths of the mussel-inspired hydrogel and the nanocomposites at predetermined time points.
Nanocomposite Cytocompatibility: The HDFs were used to determine cytotoxic effects of the Alg-Dopa alone and the MIN systems. The HDFs were seeded at a density of 10 000 cells cm −2 into the wells of a 24-well plate (n = 8) and incubated in DMEM supplemented with 10% (v/v) FBS and 1% (v/v) penicillium-streptomycin at 37 °C and 5% CO 2 for 24 h. These seeded cell culture plates were then used to determine the cytotoxicity of the leached products of Alg-Dopa and MINs as well as to study the effects of the incubation of these systems on the cells.
The leached products were formulated using the systems (40%, w/v polymer and 12.5%, w/v nanoparticles) as described above, UV sterilized and incubated them in a known amount of DMEM cell culture medium at different dilutions (1×, 5×, 10×, 100×) at 37 °C and 5% CO 2 for 24 h. Post incubation, all solutions were neutralized to pH 7.2 and added to the seeded HDFs for a period of 24 h. MTS cell proliferation assays were performed on each group after the 24 h time-point following manufacturer's instructions. The cell culture medium only and Matrigel were used as controls to compare with the viability of HDFs exposed to treated groups. The Matrigel was prepared at a concentration of 1% (w/v) and applied to the Transwell plates at a volume to surface area ratio of 50 µL cm −2 .
To assess the cytotoxicity of incubated hydrogels and nanocomposites, the formulated systems post UV sterilization were also placed in Transwell inserts (pore size: 0.4 µm, growth area: 0.14 cm 2 ). These inserts were then placed into the cell preseeded 24-well plates for 24 h. MTS assays were performed in each group following manufacturer's instructions. Viability of HDFs in each group was assessed compared to the culture media alone and Matrigel.
Ex Vivo Tissue Penetration Depth of Nanocomposites: The different groups of MINs and the Alg-Dopa alone were cross-linked within the skin-muscle tissue interfaces for 1 h. The adhered tissue samples were then embedded in optimal cutting temperature solutions (OCT, Tissue-tek) and frozen at −20 °C for 1 h. The OCT embedded tissue samples were then cut into slices (10 µm thick). Image analysis was performed on the sections (n = 10) of each group of MINs and the Alg-Dopa using Image J (National Institute of Health, Bethesda, MD, USA). A baseline indicated by the white horizontal lines ( Figure 5A ) was chosen, and it represented the original contact between the muscle-skin and the glue. The glue penetration depth was measured based on this baseline.
In Vivo Nanocomposite Biocompatibility: All animal experiments were conducted in accordance with the animal welfare and IACUC approved protocols from the University of Texas at Arlington. Sprague-Dawley male rats (Taconic Biosciences), one year old and weighing 300-500 g, were used to test the biocompatibility of the nanocomposite adhesive. The MIN-PLGA-NHS was tested in vivo with suture as a control. Four incisions (1 inch wide × 0.5 inch deep) were made on the back of each rat (n = 4). Two of these incisions were closed by the application of the nanocomposite adhesive, while the other two were closed with silicone treated nonabsorbable sutures (4-0 SILK, Davis+Geck). The rats were sacrificed at day 7 and day 28, and the implants with surrounding tissues were isolated for histological analysis. The sections were embedded in OCT, and 10 µm thick cryosections were cut for analysis. H&E staining was performed to evaluate the interaction of the nanocomposite with the host tissue at the site of implantation. Immunohistochemistry analysis using rabbit antiintegrin αM CD11b, H-61 (Santa Cruz Biotechnology, Inc, Santa Cruz, CA, USA) antibodies against CD11b+ cells were performed on the tissue cryosections at day 7 and day 28 to evaluate inflammatory responses in the tissue sealed by the adhesive and the suture control. The cellular infiltration into the tissue areas was quantified by calculating the number of cells per unit area using ImageJ (National Institute of Health, Bethesda, MD, USA). The tissue areas for cell counting were selected randomly around the incision site.
Statistical Analysis: All data analysis was executed using one-way and two-way ANOVA (Statview 5.0 software, SAS institute, Cary, NC, USA) to analyze differences between groups with one or more independent variables. p < 0.05 was considered as significant difference. Post hoc analysis was done using Tukey's honest significant difference. All data was reported as mean ± standard deviation.
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